ABSTRACT Amphibolite facies mafic rocks that consist mainly of hornblende, plagioclase and quartz may also contain combinations of chlorite, garnet, epidote, and, more unusually, staurolite, kyanite, sillimanite, cordierite and orthoamphiboles. Such assemblages can provide tighter constraints on the pressure and temperature evolution of metamorphic terranes than is usually possible from metabasites. Because of the high variance of most of the assemblages, the phase relationships in amphibolites depend on rock composition, in addition to pressure, temperature and fluid composition. The mineral equilibria in the Na 2
INTRODUCTION epidote, chlorite, garnet, kyanite, sillimanite, staurolite, cordierite and gedrite (i.e. aluminous orthoamphibole). Metamorphosed mafic rocks in orogenic belts usually involve high-variance assemblages which are stable Whereas the presence of epidote, chlorite and/or garnet is commonplace in mafic rocks, the other aluminous over very large regions of pressure (P )-temperature (T ) and compositional (X) space. In particular, minerals are rare, although widely distributed (e.g. Spear, 1982; Selverstone et al., 1984;  Arnold et al., amphibolite facies mafic rocks typically contain the 'common' assemblage: hornblende, plagioclase, epidote, 1995) . A summary of documented occurrences of amphibolites bearing aluminous minerals is given in chlorite±garnet (Laird, 1980) . As a consequence of this apparent simplicity, it has proved difficult to Table 1 . Of primary interest is the question of how amphibolites containing aluminous minerals are related extract precise P-T constraints from amphibolite assemblages. However, aluminous minerals such as to the common assemblage (e.g. Helms et al., 1987) . This question will be addressed below using P-T and staurolite, kyanite, sillimanite, cordierite and orthoamphiboles also occur with hornblende, plagioclase T -X pseudosections. The assemblages could be related in the following two obvious ways: and quartz in some mafic rocks. Because of their lower variance and the common development of reaction 1 Amphibolites containing aluminous minerals, such as staurolite and kyanite, have similar bulk compositextures, these assemblages have great potential for constraining equilibration conditions, reaction history tions to those that develop the common assemblage, but equilibrate at different P-T conditions (Selverstone and P-T evolution. Calculated mineral equilibria focusing on these assemblages should improve our et al., 1984; Helms et al., 1987) . 2 Amphibolites containing aluminous minerals, such understanding of the phase relationships of mafic rocks as a function of pressure, temperature and bulk rock as staurolite and kyanite, have different bulk compositions from those that develop the common assemblage, composition.
Aluminous minerals found in association with hornbut equilibrate at similar P-T conditions (Spear, 1982;  [Crd,Oam,Czo] As St Grt Chl Hbl [As,Crd,Chl,Oam,Czo] St Grt Hbl Frey (1980) ; Ward (1984) ; Grew & Sandiford, 1985; Arnold (1994) [As,Crd,Grt,Oam,Czo] St Chl Hbl Humphreys (1993) [As,Crd,Oam,Czo] St Grt Chl Hbl Spear (1982) ; Selverstone et al. (1984) ; Helms et al. (1987) [Crd,Chl,Oam,Czo] Ky St Grt Hbl Gibson (1978) ; Frey (1980) ; Selverstone et al., 1984 [Crd,Grt,Chl,Oam,Czo] Ky St Hbl Gibson (1978) ; Frey (1980) ; Selverstone et al., 1984; Arnold (1994) [Crd,Grt,Chl,Oam,Czo] Sil St Hbl Humphreys (1993) [Crd,Grt,Oam,Czo] Ky St Chl Hbl Humphreys (1993) [St,Crd,Chl,Oam,Czo] Ky Grt Hbl Frey (1980) [St,Crd,Grt,Oam,Czo] Ky Chl Hbl Helms et al., 1987 [St,Crd,Grt,Oam,Czo] Sil Chl Hbl Humphreys (1993) [St,Crd,Oam] As Grt Chl Czo Hbl [As,St,Crd,Chl,Oam] Grt Ep Hbl 2Pl Spear (1982) [As,St,Crd,Oam] Grt Chl Ep Hbl Selverstone et al. (1984) [As,St,Crd,Oam,Czo] Grt Chl Hbl Selverstone et al. (1984) [St,Crd,Oam,Czo,Hbl ] Ky Grt Chl Humphreys (1993) [St,Crd,Grt,Oam] Ky Chl Ep Hbl Selverstone et al. (1984) [Crd,Grt,Oam] Ky St Chl Ep Hbl Selverstone et al. (1984) [As,Crd,Grt,Chl,Oam,Czo] ?
St Hbl? Whitney (1992) [As,Crd,Grt,Chl,Oam] St Czo Hbl Ward (1984) [Crd,Chl,Oam] Ky St Grt Czo Hbl Purtscheller & Mogessie (1984) [As,Crd,Oam] St Grt Chl Ep Hbl Selverstone et al. (1984) [Crd,Czo] As St Grt Chl Oam Hbl [Crd,Chl,Czo] As St Grt Oam Hbl [As,Crd,Chl,Czo] St Grt Ged Hbl Spear (1982) ; Arnold (1994) [As,Crd,Grt,Chl,Czo] St Ged Hbl Humphreys (1993) [Crd,Grt,Chl,Czo] Ky St Ged Hbl Ward (1984) ; Arnold (1994) [Crd,Grt,Chl,Czo] Sil St Ged Hbl Schumacher & Robinson (1987) [Crd,Grt,Czo] Ky St Chl Ged Hbl Ward (1984) ; Helms et al. (1987) [As,Crd,Grt,Czo] St Chl Ged Hbl Spear (1982) [As,Crd,Czo] St Grt Chl Ged Hbl Spear (1982) [As,St,Crd,Czo] Grt Chl Ged Hbl Spear (1982) ; Helms et al. (1987) [Grt,Chl,Czo] Sil St Crd Ged Hbl Schumacher & Robinson (1987) [As, Grt,Chl,Czo] St Crd Ged Hbl Schumacher & Robinson (1987) 1 Note that many assemblages are related to two or more univariants; each is listed once only. For abbreviations see Table 2 . Purtscheller & Mogessie, 1984; Selverstone et al., 1984;  common assemblage, and then considering bulk compositions flanking this average. The average amphibo- Ward, 1984; Grew & Sandiford, 1985) .
Although these hypotheses appear to be easily lite we use is an average of 20 bulk rock analyses of greenstones and amphibolites from Vermont, which distinguishable, this is not necessarily so. For example, even if staurolite-bearing amphibolites can occur in occur as dykes or volcanics of dominantly tholeiitic affinity ( bulk composition A (Laird; 1980) ; Table 2 ). bulk compositions similar to the common assemblage over a narrow range of P-T , this range of P-T may This bulk composition is intermediate to those presented by Cady (1969 ), Cooper & Lovering (1970 , expand for more aluminous bulk compositions. Furthermore, identifying the range of bulk composiHelms et al. (1987) and Yardley (1989) , and thus provides an appropriate composition to address the tions in which the common assemblage can be developed is difficult, particularly as this range is a role of bulk composition and P-T in the development of mineral assemblages in amphibolites. function of P-T . This difficulty arises primarily because of the wide compositional ranges of the minerals This paper, and particularly the phase diagrams herein, document how phase relationships respond to involved. Thus, when correlating the analysed compositions of rocks with their mineral assemblages, identcompositional variation from this 'average' amphibolite. For simplicity, the compositional vectors employed ifying the compositional differences that may give rise to mineralogical differences presents a formidable are simple and do not attempt to mimic the chemical changes that may result from particular petrological problem.
We approach this problem by examining an 'average' processes. This is appropriate in view of the compositional spread of 'amphibolites' and the range of amphibolite, which could be expected to develop the mechanisms through which chemical changes can be than one carbonate-, K-or Ti-bearing mineral are outside the scope of these calculations. MnO tends to achieved. We address the dependence of the phase relationships in amphibolites on P, T and bulk be restricted to garnet in amphibolites and can expand the stability field for garnet (e.g. Mahar et al., 1997) . composition using the software  (Powell & Holland, 1988; Powell et al., 1998) .  However, because observed Mn contents are generally low, it is excluded from the model system. Fe 2 O 3 is version 2.6 is used with the internally consistent thermodynamic dataset of important in a number of minerals in amphibolites, especially epidote, but also in hornblende, as well as 11 December 1996 (Holland & Powell, 1990) . The program allows the phase compositions to be calcuseveral opaque minerals. However, thermodynamic data for ferric iron-bearing mineral end-members, lated along the reactions, marking a major departure from the use of fixed composition phases (e.g. Spear & apart from epidote, are not yet available. So, of necessity, Fe 2 O 3 is also omitted from the analysis. Rumble, 1986) . Recently incorporated facilities in  allow direct calculation of boundary lines These phase diagrams may be thought of as 'projections' from epidote. All of the remaining components, and points on fields of any variance in P-T and T -X pseudosections , and have made Na
, are important in reflecting the main substipossible the consideration of the dominantly highvariance equilibria in this study.
tutions in the principal minerals of amphibolites. The phases of interest, end-member compositions and abbreviations are listed in Table 3 . In this model THE MODEL SYSTEM N a 2 O -CaO-FeOsystem, Laird's common assemblage (Laird, 1980) 
involves hornblende, plagioclase, clinozoisite, chlorite, garnet and quartz. The minerals of interest in this study include those of Laird's common assemblage (Laird, 1980) : hornblende, In order to focus attention on the changes in 'equilibrium' assemblages with changes in P, T and X, plagioclase, epidote (or clinozoisite), chlorite, garnet and quartz, as well as aluminous minerals more the effective size of the multi-component system can be reduced by considering minerals that are always commonly associated with metapelitic rocks. Other minerals reported in equilibrium with hornblende are present to be 'in excess'. For example, in the model metapelite system K 2 O-FeO-MgO-Al 2 O 3 -SiO 2 -H 2 O sillimanite, kyanite, staurolite, cordierite, garnet, anthophyllite, gedrite, biotite or phlogopite, muscovite, (KFMASH), muscovite, quartz and H 2 O are usually taken to be in excess (at least below the midphengite or paragonite, calcite, ankerite or dolomite, and, more rarely, spinel, corundum, sapphirine and amphibolite facies), so that phase relationships can be illustrated in a two-dimensional compatibility diagram andalusite. Minor minerals include titanite, ilmenite, rutile, magnetite, ü lvospinel, pyrite, pyrrhotite, apatite, (AFM: Thompson, 1957) . NCFMASH can be reduced to an effective quaternary by considering plagioclase, monazite and allanite (see references in Table 1 ). The major minerals can be described within the system quartz and aqueous fluid to be in excess (e.g. Spear, 1982) . This depiction has the advantage of showing Na
, whereas many of the minor explicitly the bulk compositions and assemblages that do and do not contain hornblende (Fig. 1) ; however minerals are stabilized by small amounts of phosphorus, sulphur and rare-earth elements that are not the plotting positions and tie lines in three dimensions are extremely difficult to read (e.g. fig. 12 in Spear, important in the major minerals. Of the 12 main components, CO 2 , K 2 O and TiO 2 are commonly 1982). NCFMASH can be further reduced to an effective ternary by also taking hornblende to be in restricted to only one mineral, e.g. calcite, dolomite or ankerite, biotite, muscovite or paragonite, ilmenite, excess. Such an assumption means that assemblages lacking any one of these minerals cannot be considered, rutile or titanite. As such, it is valid to assume that CO 2 , K 2 O and TiO 2 have little effect on the relationand thus that the rare quartz-absent assemblages of hornblende with corundum, sapphirine or spinel cannot ships among the remaining minerals and thus may be neglected (or 'projected from'). Amphibolites with more be dealt with here. In practice, this does not unduly 
Activity-composition relationships used in the calculations: Holland (1993) ; 4 Ideal mixing on sites with I ged,oa =24 kJ to simulate anthophyllite-gedrite solvus; 5 Ideal mixing on sites with I ts,hb =120-0.15T kJ, I parg,hb =145-0.15T kJ to simulate decreasing Na and Al substitution into hornblende with decreasing temperature. See Will & Powell (1992). limit the applicability of the results, as a wide range of clase and quartz usually dominate the modes of amphibolites, the position of an amphibolite bulk amphibolite bulk compositions contain hornblende, plagioclase and quartz over a wide range of P-T . A composition projected into the compatibility diagram is very sensitive to the hornblende and plagioclase potential difficulty is that, in some circumstances, a metamorphic fluid might not have been present during composition, and thus sensitive to P-T . Thus, with changing P-T , a specific bulk composition 'moves equilibration, or the composition of the fluid present may have been spatially or temporally variable.
around' the compatibility diagram, along with the phase relationships themselves, making the diagram difficult However, in hydrated mafic rocks being metamorphosed for the first time and without carbonate to read in the conventional way. This problem applies equally to any projection plane in the system with minerals, an H 2 O-rich fluid phase probably would have been present, and therefore the assumption of Hbl+Pl+Qtz+H 2 O in excess. We use the AFM compatibility diagram shown in Fig. 2 with Al 2 O 3 , FeO, excess aqueous vapour is probably not unduly limiting.
Representing NCFMASH as an effective ternary MgO at its apices. Because the projection plane does not lie between the projection phases and the projected (+Hbl+Pl+Qtz+H 2 O) on a triangular compatibility diagram presents various difficulties in both represenphases, this projection is not strictly 'legal', as discussed by Powell & Sandiford (1988) . However, the diagram tation and use. Because two of the in-excess phases ( hornblende and plagioclase) can vary widely in serves to clearly illustrate the phase relationships between the aluminous phases and is only used in a composition, finding a projection plane to make a strictly legal compatibility diagram is difficult (Powell semi-quantitative way. The divariant assemblages shown are projected from the calculated equilibrium horn-& Sandiford, 1988) (see Worley & Powell (1998) for a solution to the analogous problem for metapelites in blende and plagioclase compositions, but the sub-system equilibria and the one-phase fields are not plotted. NCKFMASH). Moreover, because hornblende, plagio- 
P-T PROJECTION FOR NCFM ASH
The P-T projection for NCFMASH (Fig. 3) shows the univariant and invariant equilibria for all bulk compositions that have excess plagioclase+quartz+H 2 O. As usual with P-T projections, the compositions of the phases in the univariant equilibria vary along the reaction lines, as can be seen in Table 4 . The direction of increasing anorthite (X An ) in the plagioclase is indicated by arrows on the lines in Fig. 3 . Note that many of the univariant lines emanate from CFMASH invariant points (open circles in Fig. 3 ).
Using the AFM (+Hbl+Pl+Qtz+H 2 O) projection for this system, a series of compatibility diagrams at 6 kbar is given in Fig. 2 . The series of reactions at this pressure corresponds to the classic Barrovian zones for metapelites, with orthoamphibole substituted for biotite. Also, with the same substitution, the reactions around the [Crd, Czo] invariant point at 7.9 kbar and 645°C, correspond closely with the reactions around Orthoamphibole (Oam) in these diagrams occupies the relative diagrams calculated over 580-680°C and 6 kbar. The divariant position of biotite in AFM (+Ms+Qtz+H 2 O) for metapelites, assemblages are projected from the equilibrium hornblende and the series of reactions at this pressure corresponds to the and plagioclase compositions. However, the sub-system classic Barrovian zones series of reactions for metapelites, with equilibria and the one-phase-fields are not plotted.
orthoamphibole substituted for biotite.
Pseudosections provide invaluable representations of phase relationships in complex systems. They involve 'sectioning' with respect to extensive and intensive variables and show the stable mineral assemblages for a particular (fixed) bulk composition as a function of P-T , or over T -X space at constant P. The computer program  (Powell & Holland, 1988; Powell et al. (1998) is well suited to the construction of pseudosections because the boundaries of fields of any variance can be calculated directly .
Phase relationships in common amphibolites
The main stable assemblages calculated for the average amphibolite A (see Table 2 ) are the common assemblage (the Chl-Hbl-Pl-Qtz quadrivariant) and its quinivariant sub-assemblage Hbl-Pl-Qtz (Fig. 4) . At relatively low pressures orthoamphibole may occur with, or in place of, chlorite. This is consistent with the occurrence of gedrite with chlorite in the relatively Fig. 3 . P-T projection for the system NCFMASH with low-pressure Post Pond Volcanics (Spear, 1982 field (+Pl+Qtz+H 2 O) in Fig. 4 may be expected to expand for more aluminous bulk compositions. Variation in the FeO:MgO ratio of amphibolites is the metapelite AFM invariant point that closes to high pressure the staurolite+biotite field at 10 kbar and also important; more Fe-rich amphibolites contain garnet in place of chlorite (e.g. Spear, 1982) . Increased 625°C in Powell et al. (1998; their Figure 3 ).
An additional point of interest regarding the comNa content stabilizes the Na-bearing phases plagioclase or hornblende. The following discussion details how patibility diagrams concerns the range of hornblende and plagioclase compositions involved. Table 5 shows the phase relationships of amphibolites vary with temperature and three independent compositional the compositions of the phases projected from hornblende, plagioclase, quartz and H 2 O for the phase dimensions: the Mg -1 Fe 1 and Ca -1 Al -1 Na 1 Si 1 exchange vectors and Al 2 O 3 content. T -X sections describing relationships at 6 kbar and 620°C (Fig. 2c) . The range of hornblende and plagioclase compositions repthe dependence of mineral assemblages on bulk composition are shown in Figs 5, 6 & 7. resented is very small, even though the range of Al contents of the projected phases is very large.
The average amphibolite A (Table 2) is relatively magnesian, and, as a result, contains the Mg-rich mineral chlorite over a wide range of metamorphic PSEUDOSECTIONS FOR N CFMASH conditions. As illustrated in Fig. 5 , amphibolites at 6 kbar with X Fe (FeO/FeO+MgO) in the range 0-0.54 The phase relationships depicted in Fig. 3 have little direct relevance to amphibolites because the majority contain chlorite (+Hbl+Pl+Qtz+H 2 O); however, more Fe-rich rocks develop garnet-bearing assemof amphibolite assemblages have a variance greater than 2, largely due to the wide compositional ranges blages (Fig. 5 , X Fe >0.54). At higher temperatures, bulk compositional variation can be accommodated of the phases. Although high-variance assemblages are ultimately limited by invariant and univariant equilibwithin hornblende and the quinivariant assemblage Hbl-Pl-Qtz is stable. ria, the rocks experience only very few, if any, of the equilibria illustrated on Fig. 3 . Moreover, the lowVariation of Na 2 O5CaO ratio is achieved here via the plagioclase exchange vector (Ca −1 Al −1 Na 1 Si 1 , variance equilibria are very sensitive to bulk composition. Thus P-T projections only loosely constrain the Fig. 6 ). The effect of this compositional parameter on stability fields is not immediately obvious because the conditions of equilibration, and, in order for phase diagrams to be really useful, they must deal directly substitution can be taken up entirely (according to the activity models used herein) by the excess phases, with higher-variance assemblages. Table 4 . T output for the univariant assemblages around the invariant point [Crd, Czo] in Fig. 3 . Abbreviations: x(st)=Fe/(Fe+Mg) in staurolite; x(g)=Fe/(Fe+Mg+Ca) in garnet; z(g)=Ca/(Fe+Mg+Ca); x(oa)=Fe/(Fe+Mg) in orthoamphibole; y(oa)=Al on each of the two M2-sites; x(hb)=Fe/(Fe+Mg) in hornblende; y(hb)=Al on each of the two M2-sites; z(hb)=Na on the A-site; an(C1)=Ca/(Ca+Na) in plagioclase with C1 structure; x(chl)=Fe/(Fe+Mg) in chlorite; y(chl)=Al on M2; N (chl) is an order-disorder parameter (see hornblende and plagioclase. In amphibolites, an relatively low Al contents and thus involve the minerals of the common assemblage (e.g. Laird, 1980) , whereas increased proportion of Na 2 O commonly stabilizes Na-bearing orthoamphibole; however, we find that more aluminous amphibolites contain more aluminous minerals (e.g. Selverstone et al., 1984 ). The precise even without an edenite molecule in the activity model for orthoamphibole, this phase is stable in more sodic composition of the transition from common amphibolites to those with aluminous minerals varies with amphibolites. This is in response to the relatively Al-rich and Na-poor nature of hornblende in compariFe5Mg ratio, Na5Ca ratio and P-T . This explains the presence of aluminous minerals in compositionally son to orthoamphibole and plagioclase, respectively (e.g. Stout, 1972; Spear, 1982) . Increasingly sodic bulk 'typical' amphibolites with relatively low X Fe and Ca contents (Helms et al., 1987) . compositions are also decreasingly aluminous and thus stabilize sodic plagioclase and relatively Al-poor Although Al content is an important influence on the occurrence of aluminous minerals, the transition orthoamphibole (Fig. 6) .
As implied by Fig. 1 , Al content provides a primary from the common assemblage to aluminous assemblages is only weakly temperature-dependent. For control on whether aluminous minerals occur in amphibolites (Fig. 7) , whereas FeO5MgO controls more aluminous rocks, temperature strongly influences the nature of the specific assemblage, because many which aluminous minerals develop (see below). Figure 7 shows that, at 6 kbar, amphibolites with >24.4 mol% assemblages occur as sub-horizontal bands that span a wide range of Al 2 O 3 contents (Fig. 7) . At temperaAl 2 O 3 (as a proportion of Al
O, see Table 2 ) are capable of developing aluminotures <600°C, Al-rich compositions contain little or no modal hornblende, because chlorite is sufficiently silicates, cordierite and staurolite, whereas less aluminous amphibolites are composed of the minerals of the mafic (and plagioclase sufficiently calcic) to accommodate the components that usually make up hornblende. common assemblage, perhaps with the addition of orthoamphibole. The amphibolites described by Cady All the P-T and T -X pseudosections around bulk composition A are dominated by high-variance assem-(1969), Cooper & Lovering (1970) , Helms et al. (1987) and Yardley (1989) (Figs 4-7) . None of the NCFMASH univariant reactions portrayed on the P-T projection ( appear on these diagrams and even divariant reactions are restricted to very narrow fields (Fig. 7) . By far the the majority of these 'typical' amphibolites have O) for a typical amphibolite, bulk composition A (see Table 2 ). The key shows the variance of the assemblages in Figs 4-15. majority of amphibolites (with compositions similar to average amphibolite A) develop quinivariant, quadrivariant or trivariant assemblages as a result of metamorphism. This is in agreement with both our observations and our understanding of phase relationships in general. Indeed, it is this predominance of highvariance assemblages in nature that makes pseudo- Table 5 . T output of compatibility relationships between phases in the divariant assemblages St-Grt-Oam, St-Oam-Chl and Sil-St-Chl (+Hbl+Pl+Qtz+H 2 O) for 6 kbar and 620°C (Fig. 2c) . conditions. Compositions in the range 32-35.6 mol% More aluminous compositions Al 2 O 3 contain the maximum diversity of NCFMASH phases (Fig. 7) , and thus yield the most information As illustrated above, Al content is a critical control on the assemblages developed under a given set of on the relationships between the assemblages. The following discussion focuses on bulk compositions with 34 mol% Al 2 O 3 (composition B) that are otherwise similar to A (Table 2) .
A comparison of the P-T pseudosections for the average amphibolite A (Fig. 4) and the aluminous composition B (Fig. 8) demonstrates the effect of increased Al content on the phase relationships in P-T space. The stability of kyanite-bearing assemblages is increased at the expense of the hornblende quinivariant, so that kyanite (or sillimanite) plus hornblende is stable over a wide range of pressures and temperatures. Our analysis provides quantitative support for the suggestions of Selverstone et al. (1984) and Ward (1984) that assemblages involving aluminous minerals such as staurolite and kyanite are stable over a more accessible region of P-T space in aluminous amphibolites compared to typical amphibolites. Orthoamphibole-hornblende-bearing amphibolites occur at higher temperatures and pressures (5.7-6.8 kbar, 625-690°C) in more aluminous rocks. However, the assemblage chlorite-hornblende remains stable at low temperatures (Fig. 8) . The As-St-Chl-Hbl, As-Chl-Hbl, AS-Chl-Oam-Hbl, O) for an aluminous amphibolite, bulk composition B (see Table 2 and Fig. 7 ). For key see Fig. 4 . assemblages can exist with either kyanite or sillimanite.
in more calcic, more aluminous, less sodic rocks, whereas Sil-Crd-Hbl, Crd-Hbl and Crd-Oam-Hbl This pseudosection accounts for many of the lowervariance assemblages in amphibolites (Table 1) .
(+Pl+Qtz+H 2 O) occur in successively more sodic amphibolites. As discussed above, the effect of the However, because of the magnesian nature of the bulk composition, more Fe-rich assemblages, such as those Ca −1 Al −1 Na 1 Si 1 exchange vector on the phase relationships is dominated by its effects on hornblende involving garnet and staurolite, either occur minimally or are not present at all in Fig. 8 . In the low-T , high-P and plagioclase. With increasing Na and decreasing Ca and Al, less aluminous minerals are stabilized, so portion of Fig. 8 , the proportion of hornblende decreases in response to increasing clinozoisite and plagioclase, that Sil-Hbl and Crd-Hbl (+Pl+Qtz+H 2 O) are restricted to more calcic compositions. to the extent that hornblende is unstable. The P-T fields in which hornblende is metastable with respect to The FeO5MgO ratio is a critical control on mineral assemblages in hornblende-bearing rocks. As menChl-Czo (+Pl+Qtz+H 2 O) are marked by hatching. Figure 9 illustrates the effect of the plagioclase tioned above, the phase relationships of these rocks are similar to those of metapelites (Fig. 2) . This substitution on aluminous bulk compositions in the range B± 2Ca
This compositional similarity appears again in Fig. 10 , in which Grt-Hbl is shown as being stable in Fe-rich rocks, Chl-Hbl in change has minimal effect on mineral assemblages up to about 615°C (at 6 kbar), because the wide ranges Mg-rich rocks (up to 635°C), and staurolite-and sillimanite-bearing assemblages are stable at intermediof possible hornblende, plagioclase and chlorite compositions allow Chl-Hbl, St-Chl-Hbl, As-St-Chl-Hbl ate X Fe and elevated temperature (595-630°C and >605°C, respectively; cf. Powell et al., 1998; Fig. 5) . and As-Chl-Hbl (+Pl+Qtz+H 2 O) to be stable over the full compositional range. In more sodic composiIn magnesian rocks, Sil-Crd-Hbl and Sil-CrdGrt-Hbl occur at high temperatures (>620°C). The tions, the divariant assemblages Sil-Chl-Oam-Hbl and Sil-Crd-Oam-Hbl are stable below and above Sil-Crd-Grt-Hbl assemblage has a biotite-bearing equivalent in metapelitic rocks, bordering the granuthe Sil+Chl=Crd+Oam (+Hbl+Pl+Qtz+H 2 O) univariant (Fig. 9) . Above 650°C, Sil-Hbl occurs lite facies. Given that quite a number of the unusual assemare worth exploring. Figure 11 illustrates the P-T dependence of phase relationships in aluminous comblages in Table 1 O) for an aluminous but moderately Fe-rich amphibolite, based on bulk composition B (see Table 2 , X Fe =0.5 in Fig. 10 ). All but two of the NCFMASH univariants occur in this pseudosection. over a much wider P-T region, again in a way that with increasing temperature. In the upper amphibolite facies, Crd-Grt-Hbl is stable. At temperatures in mimics metapelitic rocks. Chl-Hbl is stable at low temperatures and pressures, giving way to orthothe range 580-620°C, in the region marked by hatching, hornblende is metastable with respect to amphibole-and then cordierite-bearing assemblages Oam-Pl-Qtz-H 2 O (Fig. 11b) , whereas at high pressRobinson (1987) , Humphreys (1993) and Arnold et al. (1995) reported cordierite with hornblende and generally ures and T <570°C, hornblende is metastable with respect to Chl-Czo-Pl-Qtz-H 2 O (Fig. 11c) . With an orthoamphibole. In all three occurrences, the estimated pressures are less than about 7 kbar. increasing pressure, Chl-Hbl is replaced by Grt-Hbl, and then St-Hbl and Ky-Hbl assemblages (Fig. 11) .
The most reactive temperature window at lower pressure encompasses continuous and discontinuous Many of the assemblages depicted in Fig. 11 have been reported in the literature ( Table 1 ), implying that the reactions involving sillimanite, staurolite, cordierite, garnet, chlorite, orthoamphibole and hornblende bulk rock compositions of unusual amphibolites are commonly more Fe-rich and aluminous than the (+Pl+Qtz+H 2 O), between 600 and 650°C ( Fig. 10) . At 8.5 kbar, this window occurs at lower temperatures, average amphibolite A. Of special note in Fig. 11 is the number of univariant assemblages that can affect rocks around 550-620°C (Fig. 12 ) and involves kyanite, staurolite, garnet, chlorite and hornblende. For very of this composition: all but two of the NCFMASH univariants are stable in this P-T pseudosection.
Fe-rich compositions, the proportion of hornblende decreases to zero as the grossular content of garnet The T -X pseudosections discussed above are constructed around 6 kbar, in an attempt to represent increases past about X grs =0.2, and a number of quadrivariant and quinivariant hornblende-absent the maximum complexity of the phase relationships. However, many kyanite and staurolite amphibolites are fields result (shown by hatching in Fig. 12) . Some of the assemblages in the low-temperature part of Fig. 12 reported to have formed at higher pressures (e.g. Selverstone et al., 1984; Ward, 1984; Grew & Sandiford, are metastable with respect to clinozoisite-bearing assemblages, which are omitted because they obscure 1985; Helms et al., 1987) . Although the relationships between the higher-pressure assemblages are broadly the relationship between Figs 10 and 12. similar to their low-pressure counterparts, there are important differences (compare Fig. 12 at 8.5 kbar and
Moderately aluminous amphibolites Fig. 10 ). Most obvious are the greatly increased stability fields of Ky-Hbl and the lack of both cordierite and
The very aluminous bulk compositions dealt with above are able to develop aluminosilicate-, stauroliteorthoamphibole at higher pressures. This is consistent with observations from the literature: Schumacher & or cordierite-bearing assemblages over a wide range of Fig. 13 . P-T pseudosection (+Pl+Qtz+H 2 O) for a moderately aluminous amphibolite, bulk composition C (see Table 2 & Fig. 7 ). For key see Fig. 4 .
P-T conditions (Figs 8 & 11). However, although
Helms et al. (1987) and Yardley (1989) , and so can be viewed as a fairly typical amphibolite. these types of assemblages have been reported from geographically widespread localities of a variety of For relatively low-temperature amphibolites, chlorite-, kyanite-and clinozoisite-bearing assemblages are ages and settings, the number of occurrences is relatively small. As outlined above, this suggests that predicted to be stable, as is generally observed in upper greenschist and blueschist facies metabasites (e.g. either the conditions required for the formation of aluminous assemblages are rarely attained, or that the Laird, 1980 ; Fig. 13 ). High-pressure amphibolites develop kyanite (or kyanite-garnet in Fe-rich rocks, compositions of the rocks involved are unusual. An intermediate position is probably more realistic: stauro- Fig. 15 ) over a wide range of temperatures, whereas cordierite (or orthoamphibole or garnet-orthoamphilite and kyanite amphibolites are rare because the appropriate stability fields occupy only relatively small bole in Fe-rich compositions) is stable in high-T , low-P amphibolites (Figs 14 & 15) . Kyanite-staurolite regions of P-T and compositional space. If so, the P-T and T -X pseudosections constructed for very alumiamphibolites may develop in Fe-rich compositions (Fig. 15 ), but this assemblage is restricted to a very nous amphibolites give an exaggerated impression of the region over which St-Hbl, As-Hbl and related small P-T window in more magnesian rocks (Fig. 13) . Many of the assemblages listed in Table 1 are stable assemblages are stable. Figures 13-15 for bulk composition C (26 mol% Al 2 O 3 , see Fig. 7 and Table 2) for this moderately aluminous model bulk composition. present a somewhat more realistic picture, in which the amphibolites are sufficiently aluminous to stabilize TESTING THE CALCULATED PHASE aluminous phases, but are not so extreme that RELATIONSHIPS aluminous assemblages occur over a wide P-T -X area. The phase relationships for the moderately Although the assemblages of interest in this paper are by no means common, they have been recorded from aluminous amphibolite C (Fig. 13 ) are similar to (though more restricted than) those of the more more than 14 different geographically and geologically diverse locations. The majority of workers have been aluminous composition, B (34 mol% Al 2 O 3 , Figs 8 & 10). Composition C is within the range of analyses content to document the existence of staurolite-or kyanite-bearing amphibolites and to interpret them as presented by Cady (1969 ), Cooper & Lovering (1970 , O) around the moderately aluminous amphibolite, bulk composition C (indicated by the dot-dashed vertical line). These phase relationships are quite similar to those for the more aluminous amphibolite (Fig. 10) . However, the compositional range over which sillimanite and staurolite-bearing assemblages are stable is much narrower in this more moderately aluminous composition. For key see Fig. 4 . Fig. 15 . P-T pseudosection (+Pl+Qtz+H 2 O) for a moderately aluminous and moderately Fe-rich amphibolite based on bulk composition C (see Table 2 , X Fe =0.5 in Fig. 14) . Only the clinozoisitebearing univariant reactions occur in this phase diagram (cf. Fig. 11 ). For key see Fig. 4 . evidence of high-pressure metamorphism, based on the univariants in Fig. 3 to stabilize the missing assemblages. Figure 16(a) illustrates the effects of additional work of Selverstone et al. (1984) . (Will & Powell, 1992) . The intersection of these two univariants would stabilize the sub-assemblages of six of these-(Crd, Grt, Oam), (Crd, Chl, Oam), (As, Crd, Oam), (Crd, Grt, Czo), (As, Crd, Czo) and (Grt, [Chl, Czo] that are reported by Schumacher & Robinson (1987) and Humphreys (1993), but are not Chl, Czo)-exists in rocks. The stability of an additional five univariants is inferred by the combistable in Fig. 3 . Calculations show that both incorporation of Zn into staurolite and non-ideality in orthoamnation of higher-variance assemblages-(Crd, Oam, Czo), (St, Crd, Oam), (Crd, Chl, Czo), (St, Grt, Czo) phibole are capable of stabilizing the new invariant point [Chl, Czo] . Reduced a H 2 O would lower the P and (St, Chl, Czo)-as shown in Table 1 . All these occur in the phase diagrams discussed here, with the and T of the reactions (St, Chl, Czo) and (Crd, Chl, Czo), respectively, making a stable intersection less exception of the univariant (Grt, Chl, Czo). The absence of this univariant assemblage in the calculated likely (Fig. 16a) . Both the South African and New Hampshire grid is discussed below.
The assemblage Ky-St-Grt-Chl-Ep-Hbl-Pl-Qtz assemblages contain Zn-bearing staurolites with up to 3.47 wt% ZnO or 0.7 Zn per formula unit, based on has been reported by Selverstone et al. (1984) . The stability of this NCFMASH invariant assemblage 46 oxygens (Schumacher & Robinson, 1987) and up to 0.51 wt% or 0.1 Zn per formula unit (Humphreys, [Crd, Oam] is consistent with the other reported assemblages, and the calculated invariant point occurs 1993), respectively. However, these values are considerably less than the 1.8 Zn per formula unit (a znst =0.04) at 565°C and 9.5 kbar (Fig. 3) . These conditions are a little higher in pressure than the c. 550°C and 6-8 kbar required for the intersection of (Crd, Chl, Czo) and (St, Chl, Czo). Bearing in mind the simple a-X model estimated for the down-pressure segment of the P-T path of Selverstone et al. (1984) . This is consistent adopted for orthoamphibole here and the absence of the edenite end-member from the model, the DQF with the stabilization of garnet by Mn, as suggested by Selverstone et al. (1984) . The univariant assemblages term for gedrite could have been under-estimated by around 6 kJ/mol, so that the topology shown in listed above also imply the stable existence of the NCFMASH invariant assemblage [Crd, Czo] (and Fig. 16( b) is reasonable. The most satisfactory explanation for the occurrence perhaps [Chl, Czo] , see below). Thus, the NCFMASH grid should contain at least the two invariants [Crd, of Sil-St-Crd-Oam-Hbl-Pl-Qtz (Grt, Chl, Czo) and sub-assemblages in nature is a combination of the Oam] and [Crd, Czo] , linked by univariant assemblages, most of which are reported in nature. Of the effects of minor components, together with uncertainty in thermodynamic data and a-X relationships. That reported univariants, only (St, Chl, Czo), (St, Grt, Czo) remain unlinked to the main grid. Not all univariants the invariant [Chl, Czo] should be stable (or almost stable in the model system) in at least some instances in a phase diagram need to intersect in full-system invariant points, and (St, Chl, Czo) and (St, Grt, Czo) is consistent with the observation in nature of the univariant (Grt, Chl, Czo) and the St-Crd assemblages simply exist between the sub-system CFMASH and NFMASH invariant points, without intersecting any reported by a number of workers. Its stability is also supported by the observation of St-Crd in Ca-poor other NCFMASH univariants ( Fig. 3; however, see below).
amphibolites and K-poor metapelites that approximate the FMASH system, namely cordierite-orthoamphiThe occurrence of the univariant assemblage Sil-St-Crd-Ged-Hbl (Grt, Chl, Czo) in New bole-type rocks (e.g., Robinson & Jaffe, 1969; Helms et al., 1987; Schumacher & Robinson, 1987; Arnold & Hampshire (Schumacher & Robinson, 1987) and its sub-assemblages St-Crd-Ged-Hbl and Sil-St-CrdSandiford, 1990). In summary, the calculated phase relationships Hbl (+Pl+Qtz) in South Africa (Humphreys, 1993) , despite their metastability in Fig. 3 , may be due to presented here are largely consistent with the majority of observed mineral assemblages, including approxiseveral factors. One or more of the minerals may be stabilized outside its NCFMASH stability field by the mate mineral compositions and equilibration conditions (Table 1 ). Some difficulty remains over the presence of additional components (e.g. Zn in staurolite). Reduced water activity (a H 2 O ) or uncertainties in stability of sillimanite or kyanite in amphibolites. However, together with the uncertainty in the locathe thermodynamic data or activity-composition (a-X) relationships also may cause relative movement of the tion of the kyanite-sillimanite transition and the NCFMASH reactions themselves, the often-observed The calculated stability fields for staurolite-and kyanite-bearing amphibolites occur at pressures metastable persistence of aluminosilicates in experimental and natural rocks suggests that this is not a >5.5 kbar, providing quantitative support for the restriction of these assemblages to elevated pressures major deficiency in the calculated grid. The level of consistency achieved implies that the P-T projection (Selverstone et al., 1984) . However, continuous reactions, rather than the discontinuous reactions suggested is a valid representation of the phase relationships in staurolite and kyanite amphibolites, and the P-T , and
by Selverstone et al. (1984) , are vital in forming these assemblages. The phase diagrams presented herein T -X pseudosections derived from it are also sound.
suggest that there is far more information to be gained from these assemblages than has been considered in DISCUSSION the past. The strong influence of Al content and X Fe on the P-T distribution of assemblages means that The phase relationships presented here emphasize the importance of bulk composition, as well as physical these types of rocks have a greater potential for constraining P-T evolution than has generally been environment (pressure and temperature), on the formation of mineral assemblages in amphibolites. The Al recognized (e.g. Helms et al., 1987; Whitney, 1992) . Quite small variations in bulk composition can cause content of amphibolites is critical in determining whether assemblages such as kyanite-hornblende and changes in the assemblages, and potentially, the range of reaction textures relating them. In combination, staurolite-hornblende can develop in place of the common assemblage of Laird (1980) . In amphibolites such occurrences might constrain near-complete P-T paths (e.g. Arnold et al., 1995) and so help us to better that exceed the Al threshold, the ratio of Fe to Mg, and to a lesser extent Na to Ca, determines the precise understand the terranes in which they occur. nature of the aluminous assemblages. As in metapelitic rocks, Fe-rich amphibolites tend to contain garnet and ACKNOWLEDGEMENTS staurolite, whereas more magnesian rocks contain chlorite or cordierite. 
